Mud volcanism is an important natural source of the greenhouse gas methane to the hydrosphere and atmosphere 1,2 . Recent investigations show that the number of active submarine mud volcanoes might be much higher than anticipated (for example, see refs 3-5), and that gas emitted from deep-sea seeps might reach the upper mixed ocean [6] [7] [8] . Unfortunately, global methane emission from active submarine mud volcanoes cannot be quantified because their number and gas release are unknown 9 . It is also unclear how efficiently methane-oxidizing microorganisms remove methane. Here we investigate the methane-emitting Haakon Mosby Mud Volcano (HMMV, Barents Sea, 726 N, 146 449 E; 1,250 m water depth) to provide quantitative estimates of the in situ composition, distribution and activity of methanotrophs in relation to gas emission. The HMMV hosts three key communities: aerobic methanotrophic bacteria (Methylococcales), anaerobic methanotrophic archaea (ANME-2) thriving below siboglinid tubeworms, and a previously undescribed clade of archaea (ANME-3) associated with bacterial mats. We found that the upward flow of sulphate-and oxygen-free mud volcano fluids restricts the availability of these electron acceptors for methane oxidation, and hence the habitat range of methanotrophs. This mechanism limits the capacity of the microbial methane filter at active marine mud volcanoes to ,40% of the total flux.
Mud volcanism is an important natural source of the greenhouse gas methane to the hydrosphere and atmosphere 1, 2 . Recent investigations show that the number of active submarine mud volcanoes might be much higher than anticipated (for example, see refs [3] [4] [5] , and that gas emitted from deep-sea seeps might reach the upper mixed ocean [6] [7] [8] . Unfortunately, global methane emission from active submarine mud volcanoes cannot be quantified because their number and gas release are unknown 9 . It is also unclear how efficiently methane-oxidizing microorganisms remove methane. Here we investigate the methane-emitting Haakon Mosby Mud Volcano (HMMV, Barents Sea, 726 N, 146 449 E; 1,250 m water depth) to provide quantitative estimates of the in situ composition, distribution and activity of methanotrophs in relation to gas emission. The HMMV hosts three key communities: aerobic methanotrophic bacteria (Methylococcales), anaerobic methanotrophic archaea (ANME-2) thriving below siboglinid tubeworms, and a previously undescribed clade of archaea (ANME-3) associated with bacterial mats. We found that the upward flow of sulphate-and oxygen-free mud volcano fluids restricts the availability of these electron acceptors for methane oxidation, and hence the habitat range of methanotrophs. This mechanism limits the capacity of the microbial methane filter at active marine mud volcanoes to ,40% of the total flux.
The HMMV (Fig. 1 ), a circular structure of 1 km diameter and ,10 m elevation above the adjacent sea floor, has been studied since the 1990s as a typical example of an active mud volcano 9 . Its formation might have coincided with a submarine landslide during the late Pleistocene, 330,000-200,000 years ago 10 . Today, fluids, gas and muds rise from a depth of 2-3 km through a conduit below the HMMV 10, 11 . The emitted gas is of a mixed microbial/thermogenic origin and consists of .99% CH 4 with a d 13 C-isotope signature of -60% (refs 12, 13) . The rising fluids are depleted in sulphate, chloride and magnesium as a result of subsurface clay dewatering 11 . Investigation of the HMMV with RV Polarstern and ROV Victor 6000 in 2003 showed extensive outcroppings of fresh subsurface muds associated with steep thermal gradients 14 , gas and fluid vents, and a large gas plume reaching the mixed upper water column above the HMMV 8, 12 . Seafloor videography in combination with geochemical measurements provided in situ estimates of gas flux 8 , fluid flow 15 and habitat distribution 16 . We focused on the three main concentric habitats above the gassy muds ( Fig. 2) : the centre of the HMMV, which was devoid of visible epifauna; thiotrophic bacterial mats dominated by a Beggiatoa species; and surrounding fields of siboglinid tubeworms. The concentrations of gases in sediments and bottom water were elevated in all three habitats (Table 1 ). An essential difference between the habitats is the fluid flow modelled from in situ gradients of temperature, oxygen and sulphide concentrations 15 . The results indicate that the upward transport of oxidant-depleted mud volcano fluids hinders downward diffusion of oxygen and sulphate, and limits methanotrophic habitats in the centre and below bacterial mats to the uppermost millimetres to centimetres, respectively 15 . We have now identified and quantified the methanotrophs that populate the three habitats to assess their role in controlling methane flux at the HMMV (Table 1; 
The surface of the most recent mud flows in the centre of the HMMV, characterized by steep temperature gradients of 3uC m -1 (ref. 14) , hosted high numbers of microbes, reaching 3.6 (62.1; 6s.d.) 3 10 9 cells cm -3 , of which 56% (68%) belonged to type I aerobic methanotrophic bacteria of the orders Methylococcales and Methylophaga (Figs 2b, 3c ). The 16S ribosomal RNA gene sequences of the dominant Methylococcales types (HMMV-MetI and -MetII) are closely related to sequences of methanotrophic mussel symbionts (94-97%) 17 and to clone sequence Hyd24-1 (96-99%) from gashydrate-bearing sediments of Hydrate Ridge 18 . High concentrations of a 13 C-depleted (-80%), type I methanotroph-specific fatty acid (C16:1v8c) were found in the same samples ( Fig. 3d ). As predicted by the fluid flow model for this area 15 , methanotroph cell numbers, lipid biomarkers and rates of aerobic methane oxidation (MOx) peaked in the uppermost surface sediment and decreased more than fivefold in the second centimetre because of limited oxygen penetration ( Fig. 3a-d ). Only small amounts of methanotroph lipids (,0.1 mg per gram sediment dry weight; mg g-dw 21 ) and very low numbers of cells (,10 7 cells cm -3 ) were found below a sediment depth of 5 cm ( Fig. 3c, d ). ANME cells were not microscopically detectable in the centre cores using all known ANME oligonucleotide probes, and anaerobic oxidation of methane (AOM) was not detectable.
In situ microsensor profiles of sulphide concentrations in HMMV sediments indicated that AOM occurs in older mud flows, 2-3 cm below the sulphide-oxidizer mats (Figs 2c, 3f ). Accordingly, microbial biomass peaked in the top 3 cm ( Fig. 3g ) and mainly consisted of a previously undescribed consortium of archaea and sulphate-reducing bacteria (SRB) forming dense cell aggregates ( Fig. 2c ). 16S rRNA gene analyses of DNA revealed a dominant cluster of archaeal sequences forming a new phylogenetic group named ANME-3 ( Supplementary Fig. 1 ). Single sequences of this cluster were only sporadically detected at cold seeps 19, 20 , which are typically dominated by other phylogenetic clades of anaerobic methanotrophs (that is, ANME-1 and ANME-2 with their bacterial partners, sulphate reducers of the Desulfosarcina/Desulfococcus (DSS) branch) [19] [20] [21] . We propose that members of the ANME-3 cluster are also capable of AOM, for three reasons: the AOM maximum coincides with the sulphide production zone; there are high numbers of ANME-3 aggregates (19.7 (60.6) 3 10 6 aggregates cm -3 at 1-2 cm sediment depth), making up 80% of total cell numbers; and concentrations of the lipid biomarkers sn2-hydroxyarchaeol, archaeol and specific penta-methylicosenes are highly elevated ( Fig. 3e-h) . Moreover, the archaeal lipid biomarkers have stable C-isotope signatures (d 13 C-values ,-98%), indicating that methane is the main carbon source of ANME-3 cells. Analyses of 16S rRNA genes and lipid biomarkers showed that the bacterial partner associated with ANME-3 is different from all other ANME consortia (see Supplementary Information) . It is closely related to Desulfobulbus spp. (DBB) and also takes up methanederived carbon, as indicated by its specific lipid biomarker C17:1v6c with a d 13 C-value of -70% ( Fig. 3h ). As predicted by the fluid flow model, 95% of ANME-3/DBB aggregates were found directly below the Beggiatoa mats ( Fig. 3g ). Because of reduced fluid flow velocities, sulphate can penetrate the upper 4-6 cm of the sediment column ( Fig. 3f , Table 1 ). Furthermore, the re-oxidation of sulphide by the sulphide oxidizer mats replenishes the sulphate pool in these sediments, further contributing to the maintenance of high activity and biomass of the AOM community in this zone.
The next significant transition in HMMV habitats occurs about 300-400 m from its geographical centre, where the sulphide oxidizer mats are replaced by dense tubeworm colonies on the hummocky periphery of the HMMV (Fig. 2d , Table 1 ). Two siboglinid tubeworm species, Oligobrachia haakonmosbiensis and Sclerolinum contortum 13 , populate this area with biomasses of 1-2 kg wet weight m -2 (estimated from sieved boxcore samples). Oligobrachia haakonmosbiensis, the dominant species in the investigated area, is up to 60 cm long and has a diameter of 0.5 mm. In the tubeworm fields, fluid flow rates modelled from temperature profiles (0.4 m yr -1 ) were lower than those in the centre or bacterial mat area 14 . In agreement with the low subsurface temperature gradient in this zone 14 (Fig. 3e , i), gravity cores from this area contained gas hydrate below the worm-infested sediment layers. Balancing downward diffusion and upward fluid flow, maximum sulphate penetration could reach 12 cm. However, the measured oxygen and sulphate penetration in the tubeworm field (Figs 2d, 3i, j; Table 1 ) show that the tubeworms substantially increase the transport of electron acceptors into deeper sediment layers. Accordingly, the maximum AOM was found between the base of the worm tubes and the hydrate layer (60-90 cm below sea floor (b.s.f.)), coinciding with a subsurface peak of ANME-2/DSS aggregates (5.5 3 10 6 aggregates cm -3 ) and their specific biomarker lipids ( Fig. 3i -l). Integrated ex situ methane consumption was higher than in other zones of the HMMV (Table 1) . Microbe-invertebrate symbioses have an advantage over free-living microbial populations because they can engineer their environment to increase access to both electron donors and acceptors by special migratory behaviour, mining and pumping. An interesting question remains: which factors determine the transition between Beggiatoa mats and tubeworm fields, and the temporal succession of the thio-and methanotrophic communities? Visual observation of the sea floor showed that sulphide-oxidizing mats and tubeworm colonies are mutually exclusive (no worms were found within bacterial mats). Tubeworm larvae probably cannot settle on Beggiatoa mats owing to the high fluid flow and high AOM-based sulphide concentration in this habitat. However, compared with filamentous sulphide oxidizers, tubeworms can reach much deeper zones of sulphide production, and might efficiently compete for sulphide and methane uptake.
In conclusion, we found that methane oxidation was the main energy source for microbial biomass in all habitats of the HMMV. Populations of aerobic or anaerobic methanotrophs comprised 56-76% of the total microbial community (centre and Beggiatoa mat habitats). At their maxima in abundance and activity ( Fig. 3) , methanotrophic communities show relatively low 22 cell-specific rates of methane oxidation (around 0.1 fmol CH 4 per cell per day, under atmospheric pressure), possibly owing to the low ambient temperature of -1 uC. The total integrated activity and biomass was lower for the aerobic methanotrophs than for the AOM communities, as the former were limited to the surface of the centre muds by high fluid flow (Table 1 , and see Supplementary Information). ANME-3 and ANME-2 consortia both dominate areas with lower flow, and profit from the association with other organisms that re-oxidize sulphide to sulphate. Total methane consumption in the centre, Beggiatoa and tubeworm habitats was up to 0.2, 1.8 and 3.0 3 10 6 mol yr -1 , respectively (sum 5.0 3 10 6 mol yr -1 ). In 2003, methane emission to the hydrosphere from the HMMV reached 8-35 3 10 6 mol yr -1 (ref. 8) , resulting in a total methane flux of 13-40 3 10 6 mol yr -1 . Aerobic oxidation of methane had a minor role (1-3%) compared with anaerobic oxidation, which removed up to 37% of the total methane flux. Hence, the efficiency of microbial methane removal is substantially lower than in other methanefuelled systems [23] [24] [25] . These data confirm that fluid advection acts as a main habitat-structuring factor at cold seep ecosystems, by regulating the availability of electron acceptors and hence the distribution and activity of methanotrophs. It is generally assumed that with increasing upward flow velocities, more dissolved methane is transported to the surface, fuelling increasingly active seep communities (for example, see ref. 26 ).
However, geofluids produced from compaction processes and dewatering are depleted in electron acceptors. High flows of methane-laden fluids introduce a negative switch in the relationship between fluid flow and methanotroph activity. Furthermore, if such fluids transport heat from below, they could even suppress the formation of hydrates, which represent an important-although dynamic-sink for methane on earth 27 . Consequently, as in the case of the HMMV, methane rising with warm, oxidant-depleted fluids might accumulate in muds and escape as free gas to the hydrosphere.
Here we have shown that the efficiency of the microbial filter against methane decreases considerably at fluid flow rates .0.4 m yr -1 , causing increased efflux of methane to the hydrosphere and probably even to the atmosphere 8 . Velocities of decimetres to metres per year are within the average range of fluid flow measured at cold seeps 28, 29 , so the described inhibition of microbial methane consumption might be widespread at seeps. Further quantitative in situ measurements of fluid flow and microbial methane consumption are necessary to define the relevance and control of methane emissions from submarine mud volcanoes and other fluid-flow driven geo-bio-systems.
METHODS
Sampling. Our studies took place during two cruises with RV L'Atalante (2001) and RV Polarstern (2003), both equipped with ROV VICTOR 6000. Sediments were collected with ROV pushcores and gravity cores for on board (ex situ) measurements. Sediment cores as well as in situ microsensor profiles were obtained along a radial transect from the centre to the east of the mud volcano (Fig. 1b) . Bottom water was sampled with a bottom water sampler and methane concentrations were determined by gas chromatography 8 . A detailed description of the methods described here is provided in the Supplementary Information. Sulphate reduction and methane oxidation rates. Microbial rates of aerobic and anaerobic methane oxidation (MOx and AOM, respectively) and sulphate reduction (SR) in sediments were determined ex situ using 14 Lipid analysis. Lipid biomarkers from frozen sediment samples and tubeworm tissue were extracted, separated and derivatized as described previously 22, 30 .
Single lipid compounds were analysed by gas chromatography, mass spectrometry and isotope ratio mass spectrometry to determine their quantity, identity and stable carbon isotope ratio, respectively 30 . Fluorescence in situ hybridization (FISH). Cells of Methylococcales as well as ANME-3/DBB and ANME-2/DSS aggregates were quantified by FISH with monolabelled oligonucleotide probes as previously described 20 .
Sulphate and chloride concentrations. Sulphate concentrations were determined by high-performance liquid chromatography (HPLC) analysis from the supernatant of 5 ml sediment fixed with 25 ml zinc acetate solution 25 . Chloride concentrations were determined from pressure-filtered pore water by ion chromatography.
Microsensor measurements. Microsensors (20 mm tip diameter) for O 2 , H 2 S and pH were manufactured and used as described previously 15 . Profiles were recorded in situ with a spatial resolution of 0.025 cm by deploying a profiler unit (equipped with the sensors) with the ROV or a free falling lander system. A detailed description of in situ data and the geochemical models applied here is provided elsewhere 15 . Profiles of oxygen, sulphide and temperature (a, e, i); sulphate, ex situ methane and sulphate turnover (b, f, j), bacteria and aggregate counts (c, g, k), and selected lipid biomarkers (d, h, l) from the centre (a-d), Beggiatoa-covered sediments (e-h), and the tubeworm field (i-l). Oxygen, sulphide and temperature were measured in situ with microsensors mounted on a deep-sea profiling unit. AOM, SR, sulphate, cell and aggregate counts, and lipid biomarker contents, were determined using ROV pushcorer samples from the same sites. The errors of MOx and AOM measurements (Fig. 3b , f, j) are given as s.e.m.
